Muscle-specific kinase (MuSK) is a receptor tyrosine kinase expressed exclusively in skeletal muscle, where it is required for formation of the neuromuscular junction (NMJ). MuSK is activated by agrin, a neuron-derived heparan sulfate proteoglycan. Here, we report the crystal structure of the agrin-responsive first and second immunoglobulin-like domains (Ig1-2) of the MuSK ectodomain at 2.2 Å resolution. The structure reveals that MuSK Ig1 and Ig2 are Ig-like domains of the I-set subfamily, which are configured in a linear, semi-rigid arrangement. In addition to the canonical internal disulfide bridge, Ig1 contains a second, solvent-exposed disulfide bridge, which our biochemical data indicate is critical for proper folding of Ig1 and processing of MuSK. Two Ig1-2 molecules form a non-crystallographic dimer that is mediated by a unique hydrophobic patch on the surface of Ig1. Biochemical analyses of MuSK mutants introduced into MuSK -/-myotubes demonstrate that residues in this hydrophobic patch are critical for agrin-induced MuSK activation.
Introduction
Formation of the vertebrate neuromuscular junction (NMJ) is guided by the exchange of signals between innervating motor neurons and muscle cells, resulting in a highly specialized postsynaptic membrane and differentiated nerve terminal, which are spatially juxtaposed. 1 Neuromuscular synapse formation depends upon agrin, a large (>200 kDa), multidomain heparan sulfate proteoglycan that is secreted by motor axons and becomes stably localized in the synaptic basal lamina. 2 Agrin stimulates postsynaptic differentiation by activating the muscle-specific kinase (MuSK), a receptor tyrosine kinase (RTK) expressed exclusively in skeletal muscle. 3-5 Agrin and MuSK are critical for proper synaptic development, as both agrin-deficient and MuSK-deficient mice lack mature NMJs and consequently die at birth due to a failure to breathe. 6,7 Downstream of agrin-induced MuSK activation, muscle-derived proteins including acetylcholine receptors (AChRs), rapsyn, ErbBs, and MuSK itself, are redistributed to the postsynaptic site and become stably localized in clusters beneath the nerve terminal. 6, 8 In addition, agrin-induced MuSK activation leads to selective transcriptional upregulation of synapse-specific genes by subsynaptic nuclei, and to induction of a retrograde signal leading to presynaptic differentiation. 6 Other members of the RTK family include the receptors for growth factors such as the fibroblast growth factors (FGFs), vascular endothelial growth factor (VEGF), epidermal growth factor (EGF) and nerve growth factor (NGF) (TrkA receptor). Typically, an RTK is activated through direct binding of its cognate ligand to the receptor ectodomain, which induces receptor dimerization (or higher-order oligomerization) and trans-autophosphorylation of tyrosine residues in the cytoplasmic, tyrosine kinase-containing domain. 9, 10 Unlike other ligand-RTK pairs, a direct interaction between agrin and the MuSK ectodomain has not been demonstrated. 5 However, agrin is still regarded as the ligand for MuSK based on several observations. First, agrin stimulates the phosphorylation and kinase activity of MuSK in cultured myotubes with kinetics characteristic of ligand-receptor pairs. 5 Second, cultured muscle cells lacking MuSK and cells expressing a kinase-dead/dominant-negative mutant MuSK are unable to form AChR clusters in response to agrin treatment. 5,11 Lastly, agrin-and MuSK-deficient mice have very similar phenotypes. 6,7 Despite such evidence supporting MuSK as the receptor for agrin, the failure to demonstrate a direct interaction between the two proteins has raised the possibility that an additional myotube-associated specificity component (MASC), such as a co-ligand, co-receptor, or myotube-specific posttranslational modification, is required for agrin to bind and activate MuSK. 5 This hypothesis is supported by the observation that when MuSK is ectopically expressed in fibroblasts or myoblasts, agrin treatment fails to stimulate MuSK phosphorylation. 5
The ectodomain of MuSK comprises four globular domains: three N-terminal immunoglobulin-like (Ig) domains 3,4 and a C-terminal cysteine-rich region similar to the cysteine-rich domain (CRD) of Frizzled (Fz), the receptor for Wnt. 12,13 Ig-like domains in other RTKs, including FGF receptors, TrkA (NGF receptor), and VEGF receptor-1, serve as the ligand binding site. 14 Earlier studies aimed at identifying the domains within the MuSK ectodomain that are critical for agrin-induced AChR clustering demonstrated that the first and second Ig-like domains (Ig1-2) of MuSK are sufficient to rescue AChR clustering in MuSK -/-myotubes, suggesting that the binding site for agrin and/or the putative co-receptor resides within these two domains of MuSK. 15 The lack of a direct interaction between agrin and MuSK in vitro (ref. 5 and data not shown), along with the dependence on multiple domains of agrin for MuSK activation 8 and maximal AChR clustering, 16-18 makes co-crystallization of agrin with the MuSK ectodomain problematic. Therefore, in an attempt to gain insights into the mechanism by which MuSK is activated by agrin, we have determined the crystal structure of Ig1-2 from the MuSK ectodomain alone. Our structural and biochemical data reveal that Ig1 possesses unique properties that are important for responsiveness to agrin and for receptor processing.
Results and Discussion
Crystal structure of MuSK Ig1-2 Ig1-2 of the rat MuSK ectodomain was expressed in a baculovirus/insect cell system. Crystals were obtained in space group P2 1 2 1 2, with two Ig1-2 molecules in the asymmetric unit. The structure was determined by molecular replacement (see Materials and Methods) and refined at 2.2 Å resolution. Data collection and refinement statistics are given in Table 1 . The crystal structure reveals that both Ig1 and Ig2 belong to the intermediate set (I-set) of the immunoglobulin superfamily (Figure 1(a) ). 19 In I-set Ig-like domains, two anti-parallel β sheets, one containing four β strands (ABED) and the other containing five (A'GFCC'), are linked by an internal disulfide bridge between βB and βF, forming a β sandwich. The I-set is also characterized by a 20-residue sequence profile. 19 MuSK Ig1 contains 18 of the 20 I-set profile residues (diverging at Glu-42 and Gly-113), while Ig2 contains all 20 residues. An intriguing feature of MuSK Ig1 is the presence of a second disulfide bridge (in addition to the canonical internal disulfide bridge), which is on the surface of the domain and is formed by Cys-98 and Cys-112 on neighboring strands βF and βG (Figures 1(a) and 2(c), right) . Cysteine residues at these positions in an Ig-like domain are unique to MuSK Ig1 (see Figure  1 (c) for alignment), yet are conserved in MuSK from Torpedo californica to human, reflecting their potential functional importance. An exposed cross-strand disulfide bridge at the same position is also found in fibronectin type III domains (which are topologically similar to Iglike domains) in class 2 cytokine receptors, including interferon receptors and tissue factor. 22-24 In MuSK Ig1, the cross-strand disulfide bridge does not affect the overall fold of Ig1, nor does it alter the local structure of βF and βG. (Figure 1(b) ). In addition, Asn-147 in Ig2 forms a hydrogen bond with the carbonyl oxygen of Val-117 in Ig1. These Ig1-Ig2 interface residues are conserved in MuSK from Torpedo to human. This interface presumably functions to preserve the linear arrangement of the two domains. Based on a sequence alignment of the MuSK Ig-like domains, we predict that Ig2 and Ig3 will also be contiguous, indicating that the first three domains of the MuSK ectodomain adopt a semirigid linear arrangement. Of note, a natural splice variant of MuSK contains an additional 10 residues precisely at the Ig2-Ig3 junction, 4,25 which would likely introduce greater flexibility into the MuSK ectodomain. The function of this splice insert is not known at present.
In the crystal structure, a non-crystallographic dimer of Ig1-2 is present, which is mediated solely by residues in Ig1 (Figure 2(a) ). The dimer interface is predominantly hydrophobic in nature, burying 1314 Å 2 of total surface area with a shape complementarity (sc) value of 0.58. 26 Met-48 in βB and Leu-83 in βE are at the center of the interface (Figure 2(b) ). In a typical I-set Ig-like domain, the residues at these two positions are hydrophilic (e.g., Lys-177 and Ser-214, respectively, in FGF receptor-1, see Figure 1 (c)), as they are solvent-exposed in a monomeric Ig-like domain (Figure 2 (c), left). In MuSK, these two residues are well conserved from Torpedo to human (Met-48 is replaced by valine in chicken MuSK, and Leu-83 is replaced by isoleucine in Torpedo MuSK). Additional van der Waals contributions to the interface are made by Thr-31 and Thr-32 (AA' loop), Val-44, Thr-46 and Ala-50 (βB), and Thr-85 and Val-87 (βE) (Figure 2(b) ). Although there are no direct hydrogen bonds across the dimer interface, there are several water-mediated ones. A crystallographic dimer is present in the structure (1677 Å 2 of buried surface area, sc value of 0.58), with an Ig1-Ig2 interface, but this largely hydrophilic interface is not conserved in Torpedo MuSK. Size-exclusion chromatography indicates that soluble Ig1-2 is monomeric (up to a loading concentration of 180 μM; data not shown), although this does not preclude the possibility that MuSK forms a dimer on the cell surface, where the orientation and lateral mobility of the MuSK ectodomain will be restricted due to membrane anchoring.
The two copies of Ig1 in the asymmetric unit are very similar, with an r.m.s.d. value of 0.9 Å upon superposition of all 94 Cα atoms, and of only 0.4 Å when residues of the C'D loop (69-72) are excluded. The two copies of Ig2 in the asymmetric unit are also very similar, and superimpose with an r.m.s.d. of 0.4 Å (92 Cα atoms). Comparison of the two copies of the intact Ig1-2 molecule in the asymmetric unit after superposition on Ig1 reveals that, despite the interdomain contacts described above, some flexibility is present, as the Ig2 domains in the Ig1 superposition are 22° apart, with the hinge point at Lys-118 at the end of Ig1. The C-termini of the Ig2 domains in the non-crystallographic dimer are ∼80 Å apart.
Extra disulfide in MuSK Ig1 is required for proper folding of Ig1
The structure reveals that the additional pair of cysteine residues in MuSK Ig1 (Cys-98 and Cys-112) forms a unique surface-exposed disulfide bridge. A surface-exposed disulfide bridge is also found in Ig-like domain-5 of TrkA, and is located in a hydrophobic region that provides part of the binding site for its ligand, NGF. 27 To probe the function of the external disulfide bridge in MuSK Ig1, both Cys-98 and Cys-112 were mutated to serine (C98S/C112S) in a fulllength MuSK-GFP fusion construct, and wild-type or mutant MuSK-GFP was stably expressed by retroviral infection in NIH-3T3 fibroblasts and MuSK -/-cultured muscle cells. We first tested whether MuSK C98S/C112S was expressed on the muscle cell surface. To this end, we labeled cell surface proteins on cultured myotubes expressing wild-type or mutant MuSK C98S/C112S with water-soluble, membrane-impermeable NHS-activated biotin, which reacts with primary amines. After biotin-labeling, the cells were lysed and biotin-conjugated proteins isolated with streptavidin-agarose beads. Biotin-labeled and total proteins were separated by SDS-PAGE and transferred to PVDF membranes. Probing Western blots with antibodies directed against cell-surface proteins such as the insulin receptor reveals that NHS-biotin effectively labels cell surface proteins, while intracellular proteins such as Shc remain unlabeled (Figure 3(a) ). Unlike the wild-type receptor, MuSK C98S/C112S fails to be labeled by biotin (Figure 3(a) ). We therefore conclude that the mutant receptor C98S/C112S is not expressed on the cell surface.
The failure of MuSK C98S/C112S to be expressed on the cell surface could be a consequence of improper folding and/or processing of the receptor, leading to retention of the mutant receptor in the endoplasmic reticulum or Golgi. Consistent with this hypothesis, we observe that the majority of the MuSK C98S/C112S protein migrates faster in SDS-PAGE versus wildtype MuSK, which is likely due to incomplete or no N-linked glycosylation of the mutant receptor (Figure 3(b) , see anti-GFP blot of lysates). It has been shown previously that deglycosylation of MuSK by chemical treatment or asparagine mutation causes the receptor to migrate faster in SDS-PAGE. 28 However, asparagine mutation of MuSK does not affect the ability of the unglycosylated receptor to be expressed on the cell surface, since the mutant receptors are activated by agrin. Therefore, it is probable that mutation of the surface-exposed disulfide bridge causes misfolding of Ig1, leading to retention of MuSK C98S/C112S inside the cell and subsequent underglycosylation of the mutant receptor. Since MuSK C98S/C112S is efficiently immunoprecipitated by an antibody against the N-terminal β strand of Ig1 (see below) and is recognized in an anti-GFP (C-terminal) immunoblot, we rule out the possibility that the change in migration of the mutant receptor on SDS-PAGE is due to proteolysis.
To assess whether removal of the additional disulfide bridge (Cys-98 and Cys-112) causes misfolding of Ig1, we tested the ability of a polyclonal antibody raised against a peptide encompassing the βA-βA' region of Ig1 (residues 20-39) to immunoprecipitate wild-type or mutant MuSK from lysates of NIH-3T3 cells and myotubes. We find that MuSK C98S/C112S, but not wild-type, can be efficiently immunoprecipitated from lysates of both cell types by this N-terminal polyclonal antibody (Figure 3(b) and data not shown), although both receptors are detected by this antibody by immunoblot analysis in the denaturing conditions of SDS-PAGE.
This result suggests that the N-terminal epitope, which is otherwise masked in the properly folded, wild-type Ig1, is exposed when the extra disulfide bridge is not present. Taken together, these data indicate that the additional disulfide bridge is required for the proper folding of MuSK Ig1. This contrasts with the surface-exposed disulfide in TrkA, which is not required for the structural integrity of Ig-like domain-5. 29
Met-48, Leu-83 and Ile-96 are critical for agrin-induced MuSK activation Proximal to the external disulfide bridge on Ig1 is Ile-96 in βF (Figure 2(c), right) , which occupies a solvent-exposed position that is typically a hydrophilic residue in other Ig-like domains (e.g., Asn-227 in FGF receptor-1, Figure 1(c) ). Hydrophobic residues clustered near the external disulfide bridge in TrkA contribute to ligand (NGF) binding. 27 To test whether Ile-96 is involved in agrin-induced MuSK activation, we generated an alanine point mutation at Ile-96 in MuSK-GFP, and stably expressed the mutant receptor in MuSK -/-muscle cells. Figure 3(a) shows that, unlike the double cysteine mutant, the MuSK I96A mutant receptor is expressed on the surface of muscle cells. Moreover, Ig1 in the I96A mutant is evidently folded properly, since the antibody to the N-terminal β strand of Ig1 was not able to immunoprecipitate the mutant receptor from myotube lysates (data not shown).
To test whether MuSK I96A is capable of being activated by agrin, we treated MuSK -/-myotubes stably expressing wild-type or mutant MuSK-GFP with recombinant neural agrin, immunoprecipitated MuSK, and probed for receptor activation by blotting with an antiphosphotyrosine antibody. Figure 4(a) shows that, while agrin induces activation of wild-type MuSK in a dose-dependent manner, activation of MuSK I96A is completely abolished.
Residues Met-48 and Leu-83 in MuSK Ig1 are at the center of the non-crystallographic dimer interface (Figure 2(b) ). To begin to elucidate the function of this hydrophobic patch, we generated arginine point mutations at Met-48 and Leu-83 in MuSK-GFP, and stably expressed the mutants in MuSK -/-muscle cells. As shown in Figure 3(a) , the mutants are expressed on the surface of muscle cells at levels equal to wild type. Furthermore, mutation of Met-48 or Leu-83 to arginine does not cause misfolding of Ig1, as neither mutant receptor is immunoprecipitated from myotube lysates by the N-terminal β strand antibody (data not shown).
To test the ability of MuSK M48R and L83R to be activated by agrin, we treated MuSK -/-myotubes expressing wild-type or mutant MuSK-GFP with recombinant neural agrin, immunoprecipitated MuSK, and probed Western blots with anti-phosphotyrosine antibody. Figure 4 (b) (top blot) shows that the level of activation of the mutant receptors M48R and L83R is severely reduced compared to the robust activation of wild-type MuSK. The decrease in agrin-induced activation of the mutant receptors occurs despite the elevated expression levels of the mutants versus wild-type MuSK, as assessed by probing with antibodies against GFP (Figure 4(b) , bottom blot). The stronger phosphotyrosine signal of MuSK M48R versus L83R with 0.5 nM agrin treatment is due to a greater amount of MuSK-GFP M48R in the myotubes. Quantitative densitometry analysis of the anti-phosphotyrosine and anti-GFP immunoblots indicates that the two mutants are equally unresponsive to agrin.
On the cell surface, we anticipate that the hydrophobic patch on Ig1 will mediate a proteinprotein interaction, either MuSK homodimerization (as observed in the crystal structure) or a heterotypic interaction with another protein such as agrin or a putative agrin co-receptor. 5 One possible scenario is that the MuSK Ig1-2 dimer in the crystal structure represents a preformed, autoinhibited conformation of the receptor. There is evidence that some cytokine receptors (e.g., erythropoietin receptor) and RTKs (e.g, EGF receptor) exist on the cell surface as inactive dimers and undergo ligand-induced rearrangements to form an active signaling complex. 30, 31 It is unlikely that the Ig1-mediated MuSK dimer observed in the crystal structure is autoinhibitory, since we did not observe an increase in the basal level of tyrosine phosphorylation in the dimer-disrupting M48R and L83R mutants (Figure 4(b) ).
Another possibility is that the Ig1-mediated MuSK homodimer in the crystal structure reflects an active dimeric state whose formation is induced by agrin binding. We attempted crosslinking experiments in myotubes to assay agrin binding to wild-type MuSK and to MuSK M48R and L83R. However, even with wild-type MuSK, we were unable to detect a crosslinked agrin-MuSK complex (data not shown). Therefore, we are unable to distinguish whether Met-48 and Leu-83 in the Ig1 hydrophobic patch are critical for MuSK dimerization or for binding of agrin or a putative co-receptor. Nevertheless, to our knowledge, this is the first time that individual residues in the MuSK ectodomain have been identified as critical for agrinstimulated MuSK activation. A greater understanding of the full componentry of the agrinMuSK signaling complex will be required to fully elucidate the mechanisms of activation for this ligand-receptor pair.
Materials and Methods

Cell culture
Sf9 cells were maintained in EX-CELL 401 medium with L-glutamine (SAFC Biosciences) supplemented with 5% fetal bovine serum (FBS), 0.1% Pluronic F-68 (Cellgro Mediatech), and antibiotic-antimycotic (10 U/ml penicillin, 10 μg/ml streptomycin (pen-strep), 25 ng/ml amphotericin B; Invitrogen) at 27°C. BOSC23 packaging cells 32 were grown in Dulbecco's modified Eagle's medium (DMEM) with 1 mM glutamine, 10% FBS and 50 μg/ml gentamycin. NIH-3T3 cells were grown in DMEM with 10% FBS, 1mM glutamine, 100 U/ml pen-strep and 50 μg/ml gentamycin. MuSK -/-myoblasts 33 were grown at 33°C in growth medium containing DMEM plus 1 mM glutamine, 10% FBS, 10% horse serum, 50 μg/ml gentamycin, 0.5% chick embryo extract (CEE; Accurate Chemical), and 20 U/ml recombinant mouse interferon-γ (IFN-γ; Sigma) on dishes coated with Matrigel (BD Biosciences). Myoblasts at 90% confluence were induced to differentiate into myotubes by switching to 39°C in medium lacking INF-γ and CEE.
Antibodies
The polyclonal antibody to the C-terminal sequence of rat MuSK (residues 849-868) was described previously. 34 For production of the polyclonal antibody to the N-terminal sequence of rat MuSK, a peptide corresponding to residues 20-39 (GTEKLPKAPVITTPLETVDA) was coupled to keyhole limpet hemocyanin and injected into rabbits (Research Genetics). The phosphotyrosine antibody mAb 4G10 and polyclonal anti-Shc antibody were purchased from Upstate. The monoclonal GFP antibody B-2 was purchased from Santa Cruz Biotechnology. The polyclonal antibody against the insulin receptor β subunit was purchased from Biosource International. Horseradish-peroxidase (HRP)-conjugated secondary antibodies were purchased from Jackson ImmunoResearch Laboratories and Biosource International.
Protein expression and purification
A PCR-generated cDNA fragment encoding MuSK Ig1-2 (residues 22-212 of rat MuSK) was ligated into the baculovirus transfer vector pAcGP67-B (BD Biosciences Pharmingen) that was modified to contain an N-terminal six-histidine tag (gift of Dr. K. Carraway, UC Davis). Recombinant baculovirus was generated by co-transfecting Sf9 cells with transfer vector and linearized BaculoGold DNA according to the manufacturer's protocol (BD Biosciences Pharmingen). Adherent Sf9 cells were infected during log phase growth with high titer baculovirus, and media containing the secreted protein was harvested by centrifugation 72 h later. Secreted MuSK Ig1-2 protein, which is not glycosylated, was purified by nickel-affinity chromatography (HIS-Select HC; Sigma), gel-filtration and cation-exchange chromatography (Superdex 75 and Source S, respectively; GE Healthcare). MALDI-TOF analysis of purified MuSK Ig1-2 revealed a heterogeneous protein sample, due to in vitro proteolytic trimming. To obtain a homogenous minimal protein fragment, MuSK Ig1-2 was subjected to limited proteolysis by trypsin (sequencing grade; Roche), which resulted in removal of 14 residues from the N-terminus including the His 6 -tag, leaving the full Ig1-2 protein core intact. The sample was further purified over a Benzamidine HiTrap column (GE Healthcare) to remove trypsin, and cation exchange (Source S) to obtain a homogenous sample, as monitored by MALDI-TOF, suitable for crystallization. Purified protein was concentrated in a spin concentrator (VivaScience).
Crystallization and data collection
Crystals of MuSK Ig1-2 were grown at 4°C in hanging drops containing 1:1 ratio by volume of protein solution at 9 mg/ml and reservoir buffer containing 8% polyethylene glycol (PEG) 4000, 100 mM sodium acetate, pH 4.6, and 200 mM ammonium sulfate. (The same crystal form could be obtained at neutral pH, but the crystals were of poorer quality.) Crystals belong to orthorhombic space group P2 1 2 1 2 with unit cell dimensions a=77.6 Å, b=118.0 Å, and c=57.8 Å. There are two Ig1-2 molecules in the asymmetric unit with a solvent content of 61%. Prior to stream freezing in liquid nitrogen, crystals were equilibrated in a series of cryosolvents containing 5%, 10%, 15%, then 20% ethylene glycol. A 2.2 Å dataset was collected on beamline X4A at the National Synchrotron Light Source, Brookhaven National Laboratory. Data were processed using DENZO/Scalepack. 35 A molecular replacement solution was found with AMoRE 36 with SWISS-MODEL homology models 37 of MuSK Ig1 and Ig2 based on the structure of telokin (PDB code 1FHG 20 ). Rigid-body refinement, simulated annealing, and positional and B-factor refinement were performed with CNS 38 and Refmac,39 and O 40 was used for model building.
Retroviral expression constructs and infection of cells
The SmaI/NotI fragment of pEGFP-N1 (Clontech) containing GFP cDNA was fused in-frame to the 3' end of full-length wild-type rat MuSK cDNA. MuSK-GFP cDNA was ligated into the pUC18 vector (Stratagene), where amino acid substitutions in the MuSK extracellular domain were generated by site-directed mutagenesis (QuikChange; Stratagene). All mutations were verified by automated DNA sequencing. The MuSK-GFP wild-type or mutant fragments were then ligated into the EcoRI site of the retroviral vector pBabe/puro. 41 Full-length wildtype or mutant MuSK-GFP was stably expressed in NIH-3T3 and MuSK -/-cells by retroviral infection. BOSC23 packaging cells were transfected with MuSK/GFP-pBabe/puro plasmids by the calcium phosphate precipitation method. Retrovirus-containing medium was collected 2 days post-transfection and used immediately for infection of NIH-3T3 and MuSK -/-cells, or flash frozen and stored at -80°C. For infection, NIH-3T3 cells and MuSK -/-myoblasts at 30-50% confluence were incubated with growth medium containing virus and 8 μg/ml polybrene for 4 h. The polybrene concentration was then diluted to 2 μg/ml by addition of growth medium, and cells were incubated overnight. 24-48 h post-infection, cells were placed under selection with medium containing 4 μg/ml puromycin and maintained under selective conditions until stable pools were formed.
MuSK activation by agrin and MuSK immunoprecipitation
For agrin-induced MuSK stimulation, fully differentiated myotubes were treated with 0.1-0.5 nM neural agrin (R&D Systems) in DMEM for 30-50 min at 37°C. For all MuSK immunoprecipitation experiments, myotubes or NIH-3T3 cells were rinsed twice with ice-cold phosphate-buffered saline (PBS) and lysed in lysis buffer containing 1% NP-40, 30 mM triethanolamine, pH 7.5, 50 mM NaCl, 5 mM EDTA, 5 mM EGTA, 50 mM NaF, 2 mM sodium orthovanadate, 1 mM sodium tetrathionate, 1 mM N-ethylmaleimide, 10 μM Pepstatin A, 0.5 mg/ml Pefabloc (Roche), and Complete protease inhibitor tablet (Roche). Whole-cell lysates were cleared by centrifugation, and MuSK protein was immunoprecipitated at 4°C overnight with the N-terminal (Figure 4(b) ) or the C-terminal (Figures 4(b) and 4(c)) anti-MuSK antibodies. The antibodies and bound proteins were captured by incubating with Protein-A agarose beads (Roche) for an additional hour at 4°C. The beads were then washed four times in freshly made lysis buffer. Bound proteins were eluted with Laemmli sample buffer, resolved by SDS-PAGE, and transferred to PVDF membrane (Millipore). Membranes were blocked in TBST (Tris-buffered saline, 0.05% Tween-20) containing 5% bovine serum albumin (BSA; for anti-phosphotyrosine blots) or 5% instant skimmed milk, and probed with primary antibodies and HRP-conjugated secondary antibodies, which were visualized with SuperSignal West Pico and West Femto Substrates (Pierce).
Biotinylation of cell surface proteins
Myotubes were washed extensively with PBS containing 0.1 mM CaCl 2 and 1 mM MgCl 2 (PBS/Ca/Mg) and incubated with 1 mM EZ-link sulfo-NHS-LC-biotin (Pierce) in PBS/ Ca/Mg at room temperature for 30 min. The reaction was quenched by rinsing the cells twice with PBS/Ca/Mg containing 100 mM glycine, and incubated in DMEM at 37°C for 30 min. The cells were then placed on ice, washed with ice-cold PBS, and lysed in RIPA buffer (1% NP-40, 1% sodium deoxycholate, 150 mM NaCl, 10 mM sodium phosphate buffer, pH 7.2, 2 mM EDTA, 50 mM NaF, 2 mM sodium orthovanadate, 10 μM Pepstatin A, 0.5 mg/ml Pefabloc, and Complete protease inhibitor tablet (Roche)) containing 0.5% SDS. Lysates were cleared by centrifugation, and biotin-labeled proteins were recovered by incubating with streptavidinagarose (Sigma) for 4 h at 4°C, followed by four washes with RIPA buffer containing 0.1% SDS. Proteins bound to streptavidin-agarose were eluted with Laemmli sample buffer, and bound and total proteins were resolved by SDS-PAGE and detected by Western blotting. Surface expression of MuSK mutants. (a) MuSK M48R, L83R, and I96A, but not C98S/C112S, is expressed on the muscle cell surface. MuSK-GFP (wild-type or mutant) was stably expressed in cultured MuSK -/-myotubes. Cell-surface proteins were labeled with membraneimpermeable NHS-biotin and captured with streptavidin-agarose beads. Clarified lysates (2% total loaded) and surface-labeled (streptavidin-bound; 50% bound loaded) proteins were resolved by SDS-PAGE and immunoblotted (IB) with antibodies to GFP to assess the presence of MuSK in the surface fraction (anti-GFP). Immunoblotting (IB) with antibodies to the insulin receptor β subunit (IRβ) and Shc (66kDa isoform shown) confirms that cell surface proteins are effectively labeled, while cytosolic proteins remain mostly in the unlabeled fraction. The lower protein level in all I96A samples is due to fewer myotubes used as starting material. (b) Extra disulfide on MuSK Ig1 is required for proper folding and processing of MuSK. NIH-3T3 cells stably expressing wild-type or C98S/C112S mutant MuSK-GFP were lysed. MuSK immunoprecipitation (IP) was performed using polyclonal antibodies against the N-(N-term) and C-(C-term) termini. GFP-tagged MuSK was detected by immunoblotting (IB) with an anti-GFP antibody. b Rsym = 100 × Σ|I-<I>|/ΣI. d For bonded atoms.
